The QED3-Gross-Neveu model is a (2+1)-dimensional U(1) gauge theory involving Dirac fermions and a critical real scalar field. This theory has recently been argued to represent a dual description of the deconfined quantum critical point between Néel and valence bond solid orders in frustrated quantum magnets. We study the critical behavior of the QED3-Gross-Neveu model by means of an expansion around the upper critical space-time dimension of D + c = 4 up to the three-loop order. Estimates for critical exponents in 2 + 1 dimensions are obtained by evaluating the different Padé approximants of their series expansion in . We find that these estimates, within the spread of the Padé approximants, satisfy a nontrivial scaling relation which follows from the emergent SO(5) symmetry implied by the duality conjecture. We also construct explicit evidence for the equivalence between the QED3-Gross-Neveu model and a corresponding critical four-fermion gauge theory that was previously studied within the 1/N expansion in space-time dimensions 2 < D < 4.
I. INTRODUCTION
Frustrated magnets host a variety of nontrivial quantum and classical states in their low-energy spectrum. Upon changing nonthermal external parameters such as magnetic field, pressure, or chemical composition these systems, in the low-temperature limit, can often be tuned through quantum critical points (QCPs) at which the nature of the ground state changes qualitatively [1] . Apart from the featureless disordered states, we distinguish between long-range-ordered ground states that are characterized by local order parameters and describe symmetrybroken phases, and unconventional long-range-entangled states that exhibit fractionalized excitations. In a Heisenberg magnet on the square lattice, for example, the classical Néel state corresponding to the standard antiferromagnetic phase spontaneously breaks the spin-rotational symmetry. The valence bond solid (VBS), in which pairs of spins on neighboring sites form singlets, is another example for a conventionally-ordered, yet quantum, state. It breaks the lattice-rotational symmetry spontaneously. Unconventional long-range-entangled states, i.e., spinliquid states, can be stabilized in situations in which the magnetic frustration is large. Their non-local fractionalized excitations lead to fascinating new physics [2] .
Such unconventional behavior can, however, also occur right at the transition point between two completely conventionally-ordered phases. The prototype example for such an exotic transition is the putative quantum critical point between Néel and VBS states in squarelattice Heisenberg magnets [3] [4] [5] , but evidence for various similar critical points between two ordered phases in other systems has been found recently [6] [7] [8] [9] . It has been argued [3] that the low-temperature physics in the quantum critical fan [10] is governed by fractionalized particles ("deconfined spinons") which represent the relevant physical degrees of freedom at the QCP, but are "confined" in either of the adjacent ordered phases. The spinons interact via an emergent gauge field, and a possible low-energy field theory describing the deconfined QCP between Néel and VBS states is given by the (2+1)-dimensional (2+1D) noncompact CP 1 sigma model [3] . There exist, however, other equivalent continuum descriptions of deconfined QCPs. The Néel-VBS deconfined critical point, for instance, possesses an alternate formulation in terms of its original order parameters provided that a certain topological term is included in the action [11] . The presence of this additional term naturally explains why the conventional Ginzburg-LandauWilson paradigm, which would forbid a direct and continuous transition between two ordered phases, breaks down at a deconfined QCP. Yet another equivalent description was conjectured, which involves critical fermion degrees of freedom [12] . Early indications for such a 2+1D bosonfermion duality at the critical point have been found some time ago, suggesting the equivalence between 2+1D quantum electrodynamics (QED 3 ) and an easy-plane version of the CP 1 sigma model at criticality [11, 13] . Initiated partly by the Dirac theory of the half-filled Landau level [14] and the fermionic counterpart [15] [16] [17] of the classic bosonic particle-vortex duality [18, 19] , these early conjectures have recently been significantly extended [20] and put into context [21] . There is now a comprehensive web of dualities between 2+1D field theories including both fermionic as well as purely bosonic gauge theories. Some of these dualities can be explicitly derived within a lattice formulation [22] , others follow perturbing established supersymmetric dualities [23] , or can be verified in the large-N limit [24] . Numerical evidence for the proposed duality between the easy-plane CP 1 sigma model and QED 3 has been purported very recently as well [7, 9] .
The SU(2) symmetric noncompact CP 1 model, describing the Néel-VBS deconfined QCP, has been conjectured to be dual to the QED 3 -Gross-Neveu (QED 3 -GN) model [12] . This latter theory consists of 2+1D gapless Dirac fermions that are charged under a U(1) gauge field as in QED 3 , but are additionally coupled to a critical Gross-Neveu scalar field. The duality implies an emergent SO(5) symmetry at the deconfined QCP [12] , which rotates components of the Néel and VBS order parameters into each other. Such an emergent symmetry had in fact been observed numerically earlier [25] . Although having passed a number of consistency checks [12] , it should be emphasized that this fermion-boson duality, just as most of the other new duality relations in 2+1 dimensions, lacks a formal proof. In particular, it is at present unclear, whether the strong version of the duality holds, implying that the two theories flow to the same renormalization group (RG) fixed point and describe the same infrared physics, or only a weaker version applies, stating that the two theories "live in the same Hilbert space," i.e., they have the same local operators, the same symmetries, and the same anomalies (if any) [12] . Assuming the strong version of the duality, however, implies a number of nontrivial scaling relations between the CP 1 and QED 3 -GN models, as well as new pertinent scaling relations entirely within the QED 3 -GN model itself. These scaling relations allow to test the duality conjecture on a quantitative level and, eventually, to answer the question which version of the duality applies.
Recently, it has been shown that the QED 3 -GN model exhibits an infrared stable RG fixed point, the existence of which is a prerequisite for the proposed (strong version of the) duality to hold [26] . This can be established within a suitable generalization of the model to noninteger space-time dimension D with 2 < D < 4. This theory has an upper critical space-time dimension of D + c = 4, enabling one to compute the critical behavior within a controlled expansion in D = 4 − dimensions. Here, we extend the previous one-loop analysis [26] to the three-loop order and compute the scaling dimensions of various operators to compare with the predictions from the duality. Moreover, we establish the previously conjectured [26] equivalence of the QED 3 -GN model with a gauged fermionic theory in which the boson-mediated scalar interaction is replaced by a corresponding critical four-fermion interaction. This fermionic theory is amenable to a 1/N expansion in fixed dimension 2 < D < 4, which allows us to demonstrate order by order in a double expansion in both and 1/N the explicit equivalence of the ultraviolet stable fixed point in this theory with the infrared stable fixed point of the QED 3 -GN model. This puts the asserted equivalence of these gauge theories on the same level as the known ultraviolet-infrared correspondence between the usual ungauged Gross-Neveu and Gross-Neveu-Yukawa models [27, 28] .
The rest of the paper is organized as follows: In Sec. II, we describe the QED 3 -GN model, its generalization to noninteger space-time dimension 2 < D < 4, as well as the corresponding gauged four-fermion theory. We also briefly comment on the noncompact CP 1 model. Then, in Sec. III, we review the corresponding duality conjecture focussing on the consequential relations between the scaling dimensions of different operators. Sec. IV contains details of the RG scheme and the resulting flow equations. Critical exponents and scaling dimensions are computed in Sec. V and estimates for the quantum critical behavior in 2+1 dimensions is presented in Sec. VI. We discuss these results in light of the conjectured 2+1D boson-fermion duality and give some concluding remarks in the final Sec. VII.
II. MODELS
Here, we introduce the two relevant U(1)-gauged fermionic models for the dual description of the deconfined quantum critical point, i.e., the QED 3 -GN model and the corresponding gauged four-fermion model.
A. QED3-GN model
The QED 3 -GN model is defined in D = 2+1 Euclidean space-time dimensions by the Lagrangian [12] 
with ψ i andψ i being 2N flavors of two-component gapless Dirac spinors, i = 1, . . . , 2N , which interact with each other through the real scalar field φ. Here, we have abbreviated the covariant derivative / D ≡ (∂ µ − ieA µ )σ µ , with the 2 × 2 matrices σ µ serving as a two-dimensional representation of the Clifford algebra, {σ µ , σ ν } = 2δ µν 1. The summation convention over repeated indices is implicitly assumed. F µν = ∂ µ A ν −∂ ν A µ is the field strength tensor of the U(1) gauge field A µ , µ, ν ∈ {0, 1, 2}. In our calculations, we will also add a gauge-fixing term
to the Lagrangian with gauge fixing parameter ξ, allowing us to check the gauge invariance of our results. In addition to the U(1) gauge symmetry, the theory satisfies an SU(2N ) flavor symmetry and a set of discrete symmetries such as parity, charge conjugation, and time reversal. Under the latter, the scalar field φ maps to −φ. The scalar mass parameter r can be used as a tuning parameter for a symmetry-breaking phase transition at some critical r c . For r < r c , φ acquires a vacuum expectation value, φ ∝ ψ i ψ i = 0, signaling the spontaneous breaking of time-reversal symmetry and the dynamical generation of a fermion mass. A lattice realization of this ordered state is given by the quantum anomalous Hall state with spontaneously generated microscopic currents, a gapped bulk spectrum, and topologically protected chiral edge states [29] . The gauge symmetry as well as the flavor symmetry remain intact across this transition. In Eq. (1), the charge e, the Yukawa coupling g, as well as the bosonic selfinteraction λ become simultaneously marginal at the upper critical dimension D In order to generalize the theory to arbitrary dimension 2 < D < 4, we first combine the 2N flavors of two-component spinors into N flavors of four-component spinors [30] 
with a = 1, . . . , N . The Dirac kinetic term then becomesΨ a ∂ µ γ µ Ψ a with γ µ = σ z ⊗ σ µ , where σ z denotes the diagonal 2 × 2 Pauli matrix. γ µ serves as fourdimensional reducible representation of the Clifford algebra. The Yukawa interaction reads φΨ a γ 35 Ψ a with γ 35 = iγ 3 γ 5 = σ z ⊗ 1. Here, γ 3 and γ 5 are the two "left-over" gamma matrices, which anticommute with each other as well as with γ 0 , γ 1 , and γ 2 [31, 32] . It is important to note that γ 35 squares to one and commutes with the fermion propagator
The above theory with the full SU(2N ) flavor symmetry therefore has the same loop expansion as a corresponding theory with a smaller symmetry of only SU(N ) × SU(N ) × U(1), in which the Yukawa interaction is replaced by the simple scalar interaction involving only the identity operator
This is because in any nonvanishing closed fermion loop, the bilinear operator γ 35 occurs always twice and may thence in all diagrams be replaced by 1 from the outset. The critical behavior determined by, e.g., the critical exponents η φ and ν, of these two theories should therefore coincide to all orders in the perturbative expansion. We note, however, that subleading exponents, such as the corrections-to-scaling exponent ω, corresponding to irrelevant operators, might deviate, cf. Ref. [30] .
A generalization of γ 35 to noninteger dimensions can be obtained by noting that
, where the square brackets denote complete antisymmetrization. The last form is a well-defined expression also in noninteger dimension [33] , however, this expression does not preserve the commutation relation between γ 35 and G Ψ in D = 3. In D = 4, e.g., one obtains γ 35 → γ µ γ 5 , which neither commutes nor anticommutes with G Ψ . By contrast, the naive generalization of the SU(N ) × SU(N ) × U(1)-symmetric theory, which keeps the simple scalar Yukawa termΨ a Ψ a in all dimensions 2 < D < 4, does retain this crucial property of the loop expansion in a trivial way, [G Ψ , 1] = 0. In this work, we therefore advocate the use of this latter theory to approach the critical behavior of the QED 3 -GN model within an expansion around the upper critical space-time dimension of D + c = 4.
B. Gauged four-fermion theory
In Ref. [26] , it was suggested that the infrared stable fixed point in the critical QED 3 -GN model can be equivalently understood as an ultraviolet stable fixed point of a gauged four-fermion model with Lagrangian
This is reminiscent of the correspondence between the infrared fixed point in the critical Gross-Neveu-Yukawa model and the ultraviolet fixed point of the fermionic Gross-Neveu model [27, 28] . The correspondence can be made plausible by means of a Hubbard-Stratonovich transformation, where the quartic interaction is replaced by a Yukawa coupling to an order-parameter field φ, yielding the effective fermion-boson Lagrangian
which is equivalent to Eq. (1) up to the presence of the gradient term ∝ ∂ 2 φ 2 , the boson self-interaction ∝ λφ 4 and the previously discussed difference in flavor symmetry. Within the 1/N expansion, the model (5) has been shown to possess a critical fixed point in all dimensions 2 < D < 4 [34] [35] [36] . Below, we collect additional evidence that the theories defined by Eqs. (1) and (5) lie in the same universality class upon a double expansion in both 1/N and = 4 − D. In fact, we carry out this expansion up to linear order in 1/N and cubic order in and show that the exponents η φ and ν precisely coincide order by order in the calculation.
The bosonic theory that has been proposed [12] to be dual to the QED 3 -GN model is the CP 1 sigma model describing two complex fields z α , α = 1, 2. They satisfy the length constraint α |z α | 2 = 1, and interact via a noncompact U(1) gauge field b µ . The Lagrangian can be written as
with the coupling constant κ, which is marginal for D = 2 and perturbatively irrelevant for D > 2. In order to employ a controlled expansion in fixed D = 2 + 1, the above Lagrangian can be generalized to the CP N b −1 model by allowing an arbitrary number N b of components of z, α = 1, . . . , N b . At large N b , the model can be shown to possess a quantum critical point at finite κ = κ c , separating an ordered phase for κ < κ c from a disordered phase for κ > κ c . The critical exponents have been computed up to the linear order in 1/N b [37] [38] [39] , yielding the correlation-length exponent ν as
and the anomalous dimension η z as
Note that η z depends on the gauge-fixing parameter ξ, while ν is gauge independent. The case relevant for the deconfined critical point between Néel and VBS orders on the square lattice is given by N b = 2. The "spinon fields" z = (z 1 , z 2 ) T then describe the fractionalized quasiparticles at the transition point, and the Néel order parameter is N = z † σz. Here, σ stands for the three-dimensional vector of Pauli matrices. The anomalous dimension of the Néel order parameter is given by η Néel = 1+2η z +2η z † σz , where η z † σz denotes the anomalous dimension of the vertex z † σz. To the linear order in 1/N b , it reads
in which the gauge dependence has dropped out, as expected [39] . The coefficient of the leading-order correction ∝ 1/N b is large, and higher-order calculations are necessary to yield an estimate for the case of N b = 2. The VBS order parameter is given by the instanton operator M b , which creates a monopole in the gauge field b µ with lowest finite topological charge. The scaling dimension of M b has been computed up to next-to-leading order in the 1/N b expansion [40] , yielding the VBS anomalous dimension
which is well consistent with numerical results for various N b [41] .
III. DUALITY CONJECTURE
Let us review the conjectured duality between the CP 1 model and the N = 1 QED 3 -GN model in 2+1 dimensions [12] . On the bosonic side, the two real components of the complex VBS order parameter M b and the three components of the Néel order parameter N can be combined into a 5-tuplet,
Here, the first two components of n CP 1 transform into each other under the global U(1) symmetry, while the last three components transform as a 3-vector under the SU(2) spin symmetry.
On the fermionic side, a monopole in the gauge field A µ created by the operator M A induces a zero mode for each of the two Dirac fermions, with one of it filled as a con-
Summary of conjectured duality relations among and within the CP 1 and QED3-GN models. The duality relation within the N = 1 QED3-GN model is emphasized by the thicker red arrow and will be subject to investigation here.
sequence of the Atiyah-Singer index theorem [42] . This allows to construct a 5-tuplet in the QED 3 -GN model with N = 1 as
The N = 1 QED 3 -GN model has an explicit SU(4) symmetry in 2+1 dimensions, under which the first four components of n QED3-GN are rotated into each other.
The proposed strong version of the duality now implies that n CP 1 and n QED3-GN are dual to each other when both CP 1 and QED 3 -GN models are tuned to their respective critical points,
We emphasize that the duality is expected to hold only precisely in D = 2 + 1 dimensions and for two flavors of two-component Dirac spinors on the QED 3 -GN side (corresponding to N = 1 in our notation). The duality immediately implies an emergent SO(5) symmetry in both models at criticality, since any component of n CP 1 and n QED3-GN , respectively can be rotated into each other by applying the symmetry transformation of the respective dual theory. If the duality holds, it would therefore explain the emergent SO(5) observed numerically at the deconfined critical point [25] . It also implies that the scaling dimensions of all components of n CP 1 and
, from which we obtain
which is consistent with the numerics [4] . Also, z † σ z z ∼ φ implies that the anomalous dimensions of the CP 1 and QED 3 -GN models coincide at criticality,
Moreover, from the SO(5) vectors n CP 1 and n QED3-GN we can construct traceless second-rank tensor operators
with the duality implying
QED3-GN (r → r c ) .
Note that X 
, and the correlation-length exponents must coincide as a consequence of the duality,
Even more interestingly, the fermion bilinearψσ z ψ = ψ 1 ψ 1 −ψ 2 ψ 2 can be understood to also correspond to an element of X
QED3-GN [12] , yielding
at the critical point of the 2+1D QED 3 -GN model. Eq. (20) represents an especially powerful implication of the duality, as it relates the scaling dimensions of different operators of the same model to each other, and can thus be fully checked within a standalone QED 3 -GN calculation [12] . The duality between the CP 1 and QED 3 -GN models and the implications for the critical behaviors are summarized in Fig. 1 . In the following, we will compute the critical behavior of the QED 3 -GN model with a particular focus on this scaling relation as a nontrivial check of the conjectured duality.
IV. RENORMALIZATION GROUP APPROACH
Here, we first explain the setup for the three-loop renormalization group analysis in D = 4 − space-time dimensions including a few technicalities. Further, we present the full set of beta and gamma renormalization group functions up to three-loop order and explain how to extract the critical fixed point order by order in the expansion.
A. Scheme and tool chain
The bare Lagrangian is defined by Eq. (1) upon replacing the fields and couplings by their bare counterparts,
where µ defines the effective energy scale parametrizing the RG flow. We have defined the wavefunction renormalizations Z Ψ , Z φ , and Z A , which relate the bare and the renormalized Lagrangian upon the field rescalings
The explicit µ dependencies in the above Lagrangian arise from the introduction of dimensionless couplings. Demanding that the coefficient in front of the mass term remains invariant under the RG requires r = r 0 µ −2 Z φ Z −1 φ 2 . The dimensionless couplings are then related to the bare couplings as
In the above equations, we have introduced the dimensionless parameters α ≡ e 2 and y ≡ g 2 , where we have implicitly used the fact that the RG flow must be symmetric under sign changes of e and/or g.
We calculate the renormalization factors Z x , x ∈ {Ψ, φ, A, φ 2 , φΨΨ, AΨΨ, φ 4 } up to the three-loop order near the upper critical dimension by employing dimensional regularization and the modified minimal subtraction scheme (MS) using a chain of computer algebra tools: All the Feynman diagrams are generated with the program QGRAF [43] . At three-loop order, the complete number of diagrams is sizable as shown in Tab. I for the different types of diagrams corresponding to the respective renormalization group factor Z x . Further processing of the diagrams is done with the programs q2e and exp [44, 45] and tracing over matrix structures from the Clifford algebra and tensor reduction of Feynman intergrals is accomplished with FORM [46] [47] [48] . Before the calculation of Feynman integrals is performed, a reduction to master integrals is carried out via integrationby-parts identities [49] . For the evaluation of beta functions and anomalous dimensions we use a setup where the vertex functions are computed by setting one or two external momenta to zero. Consequently, the integrals are mapped to massless two-point functions. These are implemented up to three-loop order in MINCER [50] .
B. Beta functions
The beta functions β x for couplings x ∈ {α, y, λ} and the gauge fixing parameter ξ are defined as the logarith- mic derivatives with respect to µ as
We use rescaled couplings x/(8π) 2 → x for x ∈ {α, y, λ}. To three-loop order the beta functions can then be written in the form
where we have defined the functions β
to collect the contributions of the ith loop order to the coupling x ∈ {α, y, λ}.
Up to the three-loop order, the beta function of the gauge coupling α reads
The beta function for the Yukawa coupling y is given by 
ζ z = ζ(z) denotes Riemann's zeta function. The beta function of the scalar interaction with coupling λ reads
Note that the beta functions are gauge independent as expected and we use this as a sanity check on our calculations. Further, the above expressions fully agree with the QED beta functions [51] [52] [53] in the limit of y → 0 and λ → 0. Also, we recover the beta functions of the Ising Gross-Neveu-Yukawa model for α → 0 [54, 55] and the scalar φ 4 theory with Ising symmetry [56] . Moreover, Eqs. (27) , (29) , (32) are consistent with the one-loop result from Ref. [26] . For completeness, the beta function of the gauge fixing parameter is listed in the appendix.
C. Anomalous dimensions
The field anomalous dimensions γ x are defined by γ x = d ln Zx d ln µ for x ∈ {Ψ, A, φ, φ 2 } and at three-loop order, they can be expanded as γ x = γ
. Explicitly, the boson anomalous dimension is given by
Note that γ φ involves no explicit dependence on the gauge-fixing parameter ξ, which is consistent with the fact that the scalar-field anomalous dimension determines the exponent in the anomalous power law of the two-point correlator at criticality. The exponent ν, governing the divergence of the correlation length, can be computed from the renormalization of the mass term, which reads
The anomalous dimensions for the fermion and the gauge boson are given in the appendix for completeness. Again, we have checked that these expressions are fully compatible with the known expressions from QED [51, 52] , the Ising Gross-Neveu-Yukawa model [54, 55] , the scalar φ 4 theory with Ising symmetry [56] and the one-loop results from Ref. [26] in the appropriate limits. We are also interested in the scaling dimension of the flavor-symmetry-breaking bilinear To calculate the scaling dimension of the bilinear in Eq. (40), we introduce an additional term hΨσ z Ψ, where h serves as an infinitesimal background field that couples linearly to the flavor-symmetry-breaking bilinear. To leading order in h, we obtain We note that Eq. (41) agrees with the previous one-loop result from Ref. [26] . We have also checked that it is consistent with the QED limit [33, 57] up to three loops.
D. Critical fixed point
The beta functions allow the determination of the RG fixed points order by order in the expansion. To the leading order, we find a unique infrared stable fixed point at (α * , y * , λ * ) = 3 4N , 2N + 9 2N (3 + 2N ) ,
where
in agreement with the previous result [26] . The higher-order terms suppressed in the above equation are straightforwardly computed by making use of the beta functions (27) - (33), but we do not display them for general N here for notational simplicity. At N = 1 we obtain to the third loop order α * = 
We note that the three-loop coefficients are large, signaling the divergent behavior of the series at finite ∼ O(1). For general N , the series read
with x * ∈ {α * , y * , λ * } and expansion coefficients x
, and x (3L) * at one-, two-, and three-loop order, respectively. The dependence of the expansion coefficients as a function of N is shown in Fig. 2 . Note that the higher-loop corrections become small for large N in all three cases. 
V. QUANTUM CRITICAL BEHAVIOR
Here, we discuss the critical behavior of the QED 3 -GN model, which can be extracted from the expansion, i.e. we provide the series expansions for the inverse correlation length exponent, the boson anomalous dimension and the fermion bilinearΨσ z Ψ up to order O( 3 ). For comparison, we also give the corresponding expressions at one-loop order for the four-fermion model and explicitly establish the correspondence between both models in a combined epsilon and 1/N expansion.
A. QED3-GN model
When the QED 3 -GN model is tuned to criticality, the couplings α, y, and λ flow to the infrared stable fixed point and the system becomes scale invariant. Right at the critical point, the two-point correlation function G φ (p) = φ(−p)φ(p) satisfies a power law G φ (p) ∝ 1/p 2−η φ , where the critical exponent η φ is given by the anomalous dimension at the fixed point,
The gauge-field anomalous dimension η A is similarly given by η A = γ A (α * , y * , λ * ) and governs the power law of the gauge-field propagator G A (p) ∝ 1/p 2−η A at the critical point. Near criticality, the correlation length ξ c diverges with exponent ν as ξ c ∝ |δr 0 | −ν , where δr 0 measures the distance to the critical point. The correlationlength exponent is obtained from the flow of the dimensionless mass parameter β r = (−2 + γ φ − γ φ 2 )r as
We also compute the scaling dimension of the flavorsymmetry-breaking bilinear, which, according to the proposed duality [12] , is related to ν,
where ηΨ σΨ = γΨ σΨ (α * , y * , λ * ).
We have computed the scaling dimensions and the critical exponents for all N to the third order in = 4−D, see appendix. Here, we display the result for the situation of one four-component spinor Ψ, which is the case relevant for the duality conjecture. For the scalar-field anomalous dimension η φ and the correlation-length exponent ν we find for N = 1: We expect hyperscaling to hold at the critical point. The other exponents α, β, γ, and δ can hence be obtained from the usual scaling laws [1] .
In order to compare with the 1/N expansion of the gauged four-fermion model, it is useful to also compute the exponents η φ and 1/ν in the limit of large N . We find
and
. (56) The scaling dimension of the flavor-symmetry-breaking whereas in the large-N limit we obtain
For the gauge-field anomalous dimension η A we find
for all N , which is consistent with the Ward identity associated with the U(1) gauge symmetry, requiring Z Ψ = Z AΨΨ in the renormalized Lagrangian, Eq. (21). This result provides another nontrivial crosscheck of our calculations. The power law of the gauge-field propagator at criticality thus reads G A (p) ∝ 1/p exactly, in agreement with the situation in plain QED 3 [58] [59] [60] .
We show the expansion coefficients as a function of N for the inverse correlation-length exponent, the orderparameter anomalous dimension and the scaling dimension of the flavor-symmetry-breaking bilinear in Fig. 3 . The figure demonstrates that only for large enough N the higher-loop corrections become small. For small N , the series expansions of these other exponents, in contrast to η A , exhibit a sizable growth in magnitude, with the three-loop terms for N = 1 being significantly larger than the leading-order terms. This is in analogy to the notorious situation in multi-loop calculations of the standard bosonic O(N ) models [56] . The determination of estimates for scaling dimensions of operators in three dimensions therefore requires a suitable resummation scheme. Due to the lack of knowledge on the large-order behavior of the series, here, we employ simple Padé approximants, see Sec. VI.
B. Gauged four-fermion model
Here, we compare the exponents η φ and ν of the QED 3 -GN model with those of the gauged four-fermion model in Eq. (5). The scaling dimensions of the latter model have been computed before within the 1/N expansion for all space-time dimensions 2 < D < 4 [34] [35] [36] . At the critical point, the scalar-field propagator in real space satisfies the power law G φ (x) ∝ 1/x 2 µ a with exponent [35] 
where Γ( · ) denotes the Gamma function. From the exponent a, we obtain the anomalous dimension η φ as
where the second line correspond to the physical case of D = 3. We note that the O(1/N ) correction in η φ is positive, indicating an unusually large anomalous dimension η φ > 1, at least as long as N is large. This is in contrast to the situation in the (ungauged) GrossNeveu model [61, 62] , but consistent with our result in the QED 3 -GN model, see Eq. (55).
Near, but not right at, the critical point, the scaling of the propagator receives corrections according to
where x ≡ x 2 µ , c a constant (with respect to x), and the ellipsis denotes higher-order terms that vanish upon approaching the critical point. From the above equation, we can read off the scaling form of the correlation length ξ c ∝ |δr 0 | −ν with ν = 1/(2b).
Using the result of Ref. [35] for the exponent b, we find
where the second line corresponds again to D = 3. Expanding the above 1/N series for η φ and ν further in = 4 − D allows us to make contact with the exponents of the QED 3 -GN model. We find
Both Eqs. (66) and (67) precisely agree with the corresponding Eqs. (55) and (56) in the QED 3 -GN model.
This constitutes yet another useful crosscheck of our calculations. Even more importantly, this result demonstrates the equivalence between the QED 3 -GN model and the gauged four-fermion model at criticality, at least in the regime where both 1/N and expansions are under perturbative control. Put differently, here we have explicitly verified the naive expectation that the presence or absence of the gradient term ∝ ∂ 2 φ 2 and/or the scalar selfinteraction ∝ φ 4 in the QED 3 -GN Lagrangian [Eq. (1)] does not change the universality class of the critical system.
VI. ESTIMATES FOR 2+1D
As is usually the case in a perturbative calculation below the upper critical dimension, the resulting series are (at best) asymptotic and diverge upon naively extrapolating to = 1. This problem can often be overcome with the help of a suitable resummation scheme, which is a particularly promising approach if the high-order coefficients can be estimated within, e.g., a strong-coupling expansion [56] . Due to the limited knowledge of the strongcoupling behavior in the present fermionic theories, here we constrain ourselves to a simple Padé approximation. A comparison with Padé-Borel resummed estimates is deferred to Appendix B.
A. Padé approximants
The Padé approximant for a series expansion with L = m+n, and the coefficients a 0 , . . . , a m ,b 1 , . . . , b n are uniquely given by matching the original series, i.e.,
The results for the correlation-length exponent ν, the order-parameter anomalous dimension η φ , and the scaling dimension of the flavor-symmetry-breaking bilinear (2) The orderparameter anomalous dimension is significantly larger than in the ungauged Gross-Neveu and Gross-NeveuYukawa models, for which η GN φ 1 [55, 63] . Our result that η QED3-GN φ > 1 in the QED 3 -GN models is consistent with the findings at large N , cf. Eq. (62) . (3) The Padé approximation predicts an anomalous dimension of the order of two. Hyperscaling then requires the susceptibility exponent γ to (nearly) vanish. An unusual situation would occur if η φ turned out to be larger than two, leading to a negative γ and a vanishing susceptibility at the quantum critical point.
B. Comparison with duality predictions
We aim to compare our results for the critical behavior of the QED 3 -GN model involving two two-component Dirac fermions (corresponding to N = 1 in our notation) with the predictions from the conjectured duality with the CP 1 model. We take the mean values for 1/ν, η φ , and [Ψσ z Ψ], respectively, from the different Padé approx- 
which, according to the duality conjecture, should coincide with the right-hand-side
We note that in view of the quickly growing series coefficients for 1/ν the spread is likely to be accidentally small. In any case, these estimates are consistent with the duality prediction. We should emphasize, however, that our estimates do not agree with the exponents measured in the simulations of the spin systems that are believed to possess a deconfined critical point [4, 5, 10, 64, 65] , see Table III . In particular, the anomalous dimensions η Néel ≈ η VBS in these bosonic systems (although already being an order of magnitude larger than in the usual Heisenberg or XY universality classes) are significantly below one, while both the expansion of the QED 3 -GN model in D = 4− and the 1/N expansion of the corresponding four-fermion model in fixed D = 2 + 1 find a value for η QED3-GN φ that is significantly above one. Similarly, the correlationlength exponent ν CP 1 in the spin systems appears to be smaller than one, while we find ν QED3-GN ≈ 1.50(2) > 1, in qualitative agreement with the 1/N expansion of the four-fermion model [Eq. (65) ]. This discrepancy may be interpreted within one of the following three possible scenarios:
(A) The strong version of the CP 1 -QED 3 -GN duality may not hold for the infrared physics and, in this case, the apparent consistency between Eqs. (70) and (71) would be accidental. (70) and (71), it might not be well-suited to provide reliable absolute estimates for the critical exponents. In that case, non-perturbative approaches, e.g., the functional renormalization group or the conformal bootstrap, could help to check the conjectured duality on the level of critical exponents and scaling relations.
(C) The deconfined critical point may really be only a pseudocritical point corresponding to a critical fixed point that has disappeared from the real coupling space as a consequence of a collision and annihilation with another fixed point. If indeed existent, any other fixed point would be located outside the perturbative regime for 1 and can only approach the QED 3 -GN fixed point at some finite > 0. Such a fixed-point annihilation scenario is known to oc-cur in various gauge theories both in 2+1D and 3+1D [37, 59, [67] [68] [69] [70] [71] [72] , and has recently been entertained also in the context of deconfined criticality in the spin models [4, 12] . In this scenario, SO(5) would only emerge as an approximate symmetry near a weakly-first-order phase transition with an exponentially large, but finite correlation length ξ c [73] . The CP 1 -QED 3 -GN duality would then only hold at length scales ξ c in the simulations, and the exponents computed here for the QED 3 -GN model would not apply to this pseudocritical regime, but would in fact characterize the nonunitary SO(5)-symmetric fixed point located at complex coupling.
VII. CONCLUSIONS
We have determined the critical behavior of the QED 3 -GN model within a three-loop expansion around the upper critical space-time dimension of D + c = 4. Within this expansion, the model exhibits a unique infrared stable fixed point corresponding to a continuous phase transition at which a time-reversal symmetry broken fermion mass term is spontaneously generated. In analogy to the ungauged Gross-Neveu and Gross-Neveu-Yukawa models [27] , the infrared fixed point of the QED 3 -GN model can be equivalently understood as an ultraviolet fixed point of a corresponding gauged four-fermion theory, the critical behavior of the latter is amenable to a 1/N expansion [35] . We have explicitly verified this infraredultraviolet correspondence by demonstrating that the critical exponents coincide order by order (up to the order we calculated) within a (1/N, ) double expansion.
Most interestingly, our estimates for the critical behavior of the 2+1D QED 3 -GN universality class for the case of two flavors of two-component Dirac fermions (corresponding to N = 1 in our notation) are consistent with a nontrivial scaling relation that follows from emergent SO(5) symmetry implied by the proposed duality between the QED 3 -GN and noncompact CP 1 models [12] . If this agreement persists in future calculations that will narrow down our uncertainty interval, it would constitute a strong indication for emergent SO(5) symmetry at the N = 1 QED 3 -GN fixed point. Our results, on the other hand, are not compatible with the most recent simulation results for the deconfined critical point in the spin models [5, 25] , and we have given a possible interpretation of this discrepancy in terms of the previously proposed [12, 25, 73] pseudocriticality scenario.
For future work, it would be interesting to study the possible existence of other fixed points that might collide and annihilate with the QED 3 -GN fixed point at some space-time dimension between D = 3 and D = 4 − . As a complementary approach, it would be desirable to test whether the time-reversal-symmetry-breaking transition in the QED 3 -GN model is continuous or (weakly) first order, e.g., within a numerical simulation of a suitable lattice model. Note added. After this work was submitted, two related preprints appeared, which confirm our results when considered in the appropriate limits [74, 75] 
We note that only the one-loop term depends on the gauge-fixing parameter ξ, cf. also Refs. [52, 76] . The beta function of the gauge fixing parameter follows the form β ξ = 
These beta functions agree in the limit y = λ → 0 with the QED calculations [52] . To explicitly verify the Ward identity associated with the local U(1) symmetry in our calculations, we also compute the gauge anomalous dimension. We obtain 
In the above equations, ζ z ≡ ζ(z) denotes Riemann's zeta function.
TABLE IV. Padé-Borel resummed estimates for D = 3 and N = 1 of the inverse correlation length 1/ν, the boson anomalous dimension η φ and the fermion bilinear's scaling dimension [ΨσzΨ] . Values, for which the approximant has a pole in ∈ [0, 1] or is not defined, are omitted (denoted by "-"). We also do not display the resulting negative value for 1/ν found for PB [2/1] . Here, we add a discussion on the Padé-Borel resummed estimates for the critical exponents in 2+1D. For this method, we implicitly assume that the series are Borel summable. The Borel tranform of a series f ( ) is defined as
where the parameter b determines the polynomial growth of the overall factorially increasing coefficients
If the series is Borel summable we can analytically continue the Borel transform to the positive real axis such that the Borel sum
is convergent. For a finite-order polynomial the integral in Eq. (C2) yields the original series. In order to obtain a resummed series we approximate the Borel transform by a rational Padé approximant, which is a simple and well-established strategy. Other nonpolynomial approximants, using, e.g., hypergeometric functions [78] , would be equally possible. A more systematic study of different resummation techniques is left for future work.
The 2+1D estimates for the critical exponents 1/ν and η φ as well as the scaling dimension of the fermion bilinear [Ψσ z Ψ] from the Padé-Borel resummation are listed in Tab. IV. For the latter two, the values and the spread are comparable to the earlier estimates from the simple Padé approximants. We observe, however, that the Padé-Borel resummation scheme yields a larger spread in the prediction of the inverse correlation-length exponent 1/ν. Whereas the mean value for 1/ν from Tab. IV is well in agreement with the estimates from Tab. II, the root-mean-square deviation is now much larger, 1/ν ≈ 0.64 (22) .
